Abstract: Due to their unique structure, the optical and mechanical properties graphene and its derivatives (e.g. graphene oxide, reduced graphene oxide) have captured the attention of a constantly increasing number of scientists with regards to biomolecule sensing. This mini review focuses on one specific type of sensor, that consisting of graphene and polyelectrolytes. Polyelectrolyte-graphene nanocomposites exhibit outstanding detection capabilities by synergistically combining the characteristics of both components, outperforming traditional sensors in many cases. Characteristics and mechanistic details of the most important polyelectrolytegraphene based sensors will be discussed in detail in addition to some current challenges and future perspectives.
INTRODUCTION
Graphene is a newly utilized class of carbon-based materials as well as the building block for all graphitic forms and since its first production as an engineered material in 2004 [1] it has attracted a great deal of attention. The Nobel Prize in physics for experiments on graphene has certainly played a role in expanding the scope of research into new fields, including biomolecule sensing. This increased interest for graphene and its derivatives (e.g. graphene oxide (GO), reduced graphene oxide (rGO)) arises from its exceptional electrical, mechanical and thermal properties [2] [3] [4] . It is well established that the key material properties of graphene are associated with its structure, that of a single layer of two-dimensional sp 2 carbon atoms closely arranged into hexagonal cells. Recently, significant attention has been given to the use of graphene and its derivatives in electrochemical, electronic and optical sensing applications [5] . The high surface area of graphene allows for a higher surface loading to target molecules for a given volume of graphene, while the excellent conductivity and small band gap are favorable for conducting electrons from the biomolecules [6] . Electron transfer can be enhanced because of the ability of graphene surfaces to support efficient electrical wiring between the electrode and the active redox centers of several biomolecules [7] . Furthermore, graphene-based sensors can exhibit a higher sensitivity since they exhibit low electronic noise from thermal effects. [8] Typically rGOs (see Fig. 1 for GO derivatives structures) are used in nanocomposites for sensing applications due to their comparative advantages over graphene and GO. These advantages include the reactive sites on rGO surfaces that allow convenient functionalization in contrast to graphene sheets, as well as the more efficient charge transport that ensures high electrochemical activity as compared to non-conductive GO. Recent studies have shown that the electrical conductivity of an original GO can be increased up to four orders of magnitude after reduction [9] .
However, the superior properties of graphene are unique to the individual sheets and they do not apply to stacks or clusters of graphene sheets, making the prevention of aggregation an absolute necessity in order to take advantage of these properties for biosensing applications. Since aggregation occurs due to cohesive van der Waals interactions and -stacking, a disruption in these attractive forces can allow the graphene sheets to remain separated in a composite. Furthermore, to endow graphene with sensing capabilities it is often essential to functionalize it with recognition components that can assist in bringing detection targets onto the surface or in signal transduction. Additional advantages of graphene functionalization include increase in sensitivity, specificity, biocompatibility and loading capacity.
A promising way to achieve the above is through polymer functionalization, either by covalent attachment or through noncovalent interactions. For covalent attachment of polymers onto the graphene surface, polymers are either directly attached to graphene [10] or grown from its surface [11, 12] through reactive groups (i.e. oxygen, carboxylic, hydroxyl groups). These groups may already exist or may be introduced via chemical processing. Although covalent functionalization can lead to stable and effective nanocomposites, it inevitably alters the structure of the graphene by converting the sp 2 carbons to sp 3 . This in turn causes a significant decrease in carrier mobility, reducing the potential of graphene in applications such as sensors. In contrast, non-covalent functionalization of graphene with polymers utilizes interactions such as -stacking [13] , hydrophobic and electrostatic [14, 15] , which do not change the structure of graphene and preserve its extraordinary properties.
In this mini-review, we will focus our attention on studies based on nanocomposites consisting of polyelectrolytes and graphene or its derivatives with attention to sensing applications. Compared to other types of polymers, polyelectrolytes are ideal candidates for non-covalent functionalization of graphene due to their highly charged nature. For example, cationic polyelectrolytes such as polyethyleneimine (PEI) can easily bind electrostatically with the negatively charged surface of GO inducing a net change in the graphene oxide surface charge, thus preventing aggregation [16] and through that increasing the suitability of graphene for sensing. Furthermore, the presence of charged groups in polyelectrolytes provides the opportunity for anchoring nanoparticles, enzymes or other species through electrostatic interactions that are known in many cases to increase or assist sensing capabilities. Finally, graphene multilayers facilitate electron transfer enhancing the electrochemical reactivity.
Trends in the Field
Despite graphene's short history, the interest in polymergraphene nanocomposites is clearly evident by the number of research publications (see Fig. 2 ). Using "polymers" and "graphene" as keywords in any of the three most common databases (ISI-Web of Science, ScienceDirect, and SciFinder) a rapid increase in the total number of publications (from less than 10 in 2007 or before to more then 1,400 in 2014) can be seen. A similar trend in the number of publications is also observed using "polyelectrolyte" and "graphene" as keywords. This trend shows that the comparative advantage of the simultaneous use of polyelectrolytes and graphene is slowly being realized, especially if we take into account the wide variety of available polymers. Although polyelectrolyte-graphene nanocomposites have been used for a number of applications, our goal here is to present the latest developments on their use for the detection of biomolecules, including but not limited to detection of hydrogen peroxide, glucose, proteins and biomarkers.
DISCUSSION

Hydrogen Peroxide Detection
In the last few years, polyelectrolyte-graphene nanocomposites have been used as sensors for the detection of a number of molecules. One of the most frequently studied is hydrogen peroxide (H 2 O 2 ), which is a product of many biological and environmental processes. In one of the earliest reports, Xu et al. [17] described a rGO-chitosan nanocomposite that immobilized a hemoglobin protein and exhibited bioelectrocatalytic activity toward H 2 O 2 . A schematic representation of the constructed sensor and the chemical structure of chitosan are presented in Figure 3 . The nanocomposite provides a favorable microenvironment for the protein to retain its native structure while the two dimensional rGO accelerates the electron transfer at the sensing interface. As a result, the polyelectrolyte-rGO sensor shows wide linear range (6.5-230 ), low detection limit (0.51 ) and good stability. Despite these impressive sensing abilities, enzymatic sensors cannot provide long-term stability due to the intrinsic nature of enzymes. Therefore, most polyelectrolyte-graphene nanocomposites for H 2 O 2 sensing are actually based on enzymefree strategies. Zeng et al. [18] used the Layer-by-Layer technique and combined different types of interactions to functionalize graphene sheets. Pyrene-grafted poly(acrylic acid) (PAA) was initially attached on a rGO surface through -stacking and van der Waals interactions, followed by attachment of PEI through electrostatic interactions. Graphene multilayer films (PEI/PAA-graphene) facilitated the electron transfer, enhancing the electrochemical reactivity of H 2 O 2 . The electrocatalytic activity can be tuned by altering the bilayer number of the graphene multilayer film (PEI/PAA-graphene) n . The oxidation current value increases significantly in the initial two bilayers. However, the increase declines after three bilayers as the amount of newly adsorbed graphene sheets that can contact the electrode becomes smaller after the two bilayers are added. The (PEI/PAA-graphene) 3 electrode showed a rapid linear response to the change in H 2 O 2 concentration (from 0.1 to 1 mM), reaching a steady state in only 5 s.
As mentioned earlier, polyelectrolytes can also serve as a method for the binding of catalytic nanoparticles and graphene due to their highly charged nature. The nanoparticles rough surfaces provide a higher electrochemically active area resulting in a higher turnover for heterogeneous catalytic or electrochemical reactions, which is why their use in polyelectrolytegraphene sensors has been reported multiple times in the literature. For example, Fang et al. [19] demonstrated the use of cationic polyelectrolyte poly(diallyldimethyl ammonium chloride) (PDDA) functionalized graphene as the building block of graphene/Au nanoparticles hybrids (see Fig. 4 ) for enhanced H 2 O 2 sensing. The high-Au nanoparticle loaded nanocomposite showed a wide linear range (0.5 -0.5mM) and lower detection limit (0. 22 ), compared to certain enzyme-based sensors. Very recently, a similarly PDDA functionalized GO decorated with platinum nanoparticles was prepared and used for the detection of H 2 O 2 and methanol [20, 21] . A glassy carbon electrode modified with platinum nanoparticles-GO-PDDA was able to catalyze the reduction of H 2 O 2 starting from 150 mV vs. Ag/AgCl while for methanol the ratio If/Ib (1.42) indicated that the catalyst has a good tolerance towards the intermediate carbonaceous species accumulated on the electrode surface.
A novel polyelectrolyte, poly[N-(1-one-butyric acid)benzimidazole] (PBI-BA) has also been used together with Au nanoparticles for the same purpose. The carboxylic groups and electroactive imine sites make PBI-BA a great candidate for use as an enzyme-free amberometric sensor for H 2 O 2 [22] . Compared to other graphene based sensors, the thermostable (PBI-BA)/graphene/Au sensor offers a very rapid detection time (95% of steady-state current in 1.4 s after each addition of H 2 O 2 ), a measurable linear range (2.5 -5mM) and a relatively high sensitivity (1056 A m -1 cm -2 ). Additionally it exhibits greater sensitivity, compared to the (PBI-BA)/Au electrode, highlighting the importance of increased surface area and conductivity from graphene. Prussian blue and its analogues are types of polynuclear transition-metal hexacyanometalates [23] that have been employed in electrochemical biosensors, due to their exceptional electrochromic and electroanalytical properties [24, 25] . The known ability of Prussian blue to reduce H 2 O 2 at a very rapid catalytic rate with a low overpotential [26] is the main reason why a number of groups used it in polyelectrolyte-graphene nanocomposites to create an H 2 O 2 sensor with varying results. [16, 27, 28] In these studies, PEI, PAA/PDDA and a cationic polyelectrolytefunctionalized ionic liquid [29] were used for the functionalization of graphene resulting in excellent dispersibility in water. In general Prussian blue/polyelectrolyte-graphene sensors exhibited quick sensing response [28] and linear ranges and sensitivities comparable to previously described studies.
Glucose, Dopamine and Guanosine Detection
Besides their use for H 2 O 2 , polyelectrolyte-graphene nanocomposites have been used for the detection of other important biomolecules such as glucose, dopamine and guanosine. In order to provide the desired dispersibility to the above polyelectrolytenanocomposite sensors chitosan has been used in almost every occasion for the functionalization of the graphene surface. Chitosan (see structure in Fig. 3B ) is a natural biopolymer with a unique combination of characteristics such as a primary amine at the C-2 position of the glucosamine residues, solubility in aqueous acidic media (pH lower than 6.5) and a biocompatible microenvironment for proteins or enzymes [30] .
The electrochemical detection of glucose, which is very important for diabetes management, can be achieved with the use of glucose oxidase as the recognition element. Kang et al. [31] explored the direct electrochemistry of a chitosan-graphene/ glucose oxidase nanocomposite. After adsorption on the graphene sheet, glucose oxidase retained its bioactivity and exhibited a fast heterogeneous electron transfer rate. The nanocomposite biosensor served as a glucose detector with a wide linearity (0.08 mM to 12 mM glucose), high sensitivity (37.93 A mM 1 cm 2 ) and a detection limit of 0.02 mM, which is much lower than the diabetic glucose concentration (higher than 7.0 mM [32] In addition to nanoparticle decoration and polymer functionalization, chemical doping with foreign atoms is another effective method to essentially modify the properties of graphene. Especially for carbonaceous materials, chemical doping can enhance free charge-carrier densities and electrical or thermal conductivities [34] . When compared to other dopants nitrogen is considered an ideal element for carbonaceous materials, due to its comparable atomic size and the five valence electrons available to form strong valence bonds with carbon atoms [35] . Furthermore, it has been demonstrated that N doping enhances the biocompatibility and sensitivity of carbonaceous structures (e.g. carbon nanotubes) in biosensing applications [36] . Inspired by this, Wang et al. reported a technique to synthesize N-doped graphene by treatment of graphene with nitrogen plasma and explored the potential of the doped graphene in electrocatalysis and biosensing applications [37] . The percentage of N in the graphene surface was controlled (varied from 0.11 to 1.35) through regulating the exposure time. N-doped graphene has exhibited great electrocatalytic activity for H 2 0 2 reduction and fast direct electron transfer kinetics for glucose oxidase. An N-doped graphenechitosan/glucose oxidase/glassy carbon electrode hybrid was successfully used for glucose biosensing (as low as 0.01 mM) in the presence of interferences.
Dopamine is an important neurotransmitter with a notable role in the central nervous, renal and endocrine systems functionality, while dopamine deficiency underlies Parkinson's diseases [38] . However, dopamine detection is challenging, as ascorbic acid is always coexisting with dopamine in organisms and has a indistinguishable oxidation potential in electrochemical detection. A chitosan modified graphene electrode was developed by Wang et al. for the selective determination of dopamine concentration [39] . The linear range of the nanocomposite sensor was from 5 to 500 M in the presence of large ascorbic acid excess (500 M), which is an enhanced performance compared to multi-walled carbon nanotube-modified electrodes. In a different study by Li et al. [40] , a Pt nanoparticle/polyelectrolytefunctionalized ionic liquid/graphene sheet nanocomposite was synthesized in one pot. The nanocomposite-modified electrode was able to determine ascorbic acid and dopamine based on a 200 mV difference between the peak potentials. The sensor was also successfully used in the analysis of human urine samples.
Nucleoside guanosine is a naturally endogenous compound with diverse biological activities including neuroprotective effects in cultured neurons and protection of brain slices subjected to hypoxia/hypoglycemia [41] . Additionally, changes of the guanosine concentration in human body have been used as indicators of a wide range of diseases (e.g. liver disease) [42] . Therefore, guanosine concentration determination is of increasing importance. A graphene, chitosan and Fe 3 O 4 nanoparticle modified glassy carbon electrode was recently fabricated for the investigation of the electrochemical oxidation behavior of guanosine [43] . The presented results indicated that under optimized conditions the oxidation peak current is proportional to guanosine concentration in the range of 2.0 10 6 to 3.5 10 4 mol L 1 with a detection limit of 7.5 10 7 mol L 1 (S/N = 3). In addition, the proposed method showed the capability to distinguish the electrochemical oxidation response of guanosine, guanine and adenosine.
Biomarker, Enzyme and Protein Sensors
Peptide biomarkers are intriguing molecules that can serve as indicators of disease progression, bacterial infection and hormone levels, among many other abnormalities. However, peptide detection is still at an early stage [44] [45] [46] . In a recent work, Qin et al. [47] constructed an electrochemical aptasensor with high detection sensitivity and selectivity (detection concentration and range of 1 ng mL -1 and 1-265 ng mL -1 , respectively) to the D enantiomer of arginine vasopressin peptide. The sensor was fabricated utilizing layer-by-layer assembly of methylene blue, PDDA and polystyrene sulfonate (PSS)-graphene layers. Graphene multilayers allow accumulation of methylene blue, which as mentioned before facilitates electron transfer. Most importantly, the multilayers provide adsorption sites for the molecular recognition agent (an aptamer). Aptamers are artificially selected single-stranded DNA/RNA oligonucleotides (between 40 and 100 bases) with a distinct three-dimensional structure. Due to their specific structure binding to specific target molecules can be achieved [48] . Differential pulse voltammetry experiments revealed that the aptasensor could serve as a sensing interface for detecting chiral peptides as well as other proteins such as lysozyme, bovine serum albumin, glutathione and -thrombin. In another biomarker study, Zhang et al. [49] used selfassembly of PDDA, PSS and graphene on polyethylene terephthalate to synthesize a non-labeled cancer marker biosensor for a real-time detection of a prostate specific antigen (PSA). For comparison a horseradish peroxidase (HRP) labeled sensor and a carbon nanotube based sensor were also prepared. The results showed the superiority of the non-labeled and labeled graphene sensors over the carbon nanotube one, with regards to detection limits. For the label free and labeled sensors, PSA concentrations down to 4 fg/ml and 4 pg/ml were detected, respectively. These concentrations are three orders of magnitude lower than the carbon nanotube based sensor. Different working mechanisms were described for the two types of biosensors. For the nonlabeled case the conductance of the PSA modified biosensor monitors the changes of antibody with the concentration shifts of PSA solutions. In the labeled case, HRP-PSA antibody conjugates catalyze a biochemical reaction between ascorbic acid and H 2 O 2 . The local pH shifts allow the conductance variation of the biosensor.
In a different work, Noh et al. [50] fabricated a nanocomposite consisting of conjugated polymer nanoparticles and GO for the detection of trypsin (see schematic representation of sensor in Fig. 5) . Trypsin is an important digestive enzyme produced in the pancreas. The concentration of this particular enzyme in the human body has been related to a series of diseases [51] making its detection of great interest. Similarly to previous examples, the nanocomposite was synthesized using electrostatic attraction between positively charged fluorescent-conjugated polymer nanoparticles whose surface was modified with polyarginine and negatively charged GO. The key to the detection of trypsin is the quenching of the fluorescence of the conjugated nanoparticles by GO upon formation of the nanoparticle-polyarginine/GO nanocomposite. The fluorescence quenching is attributed to charge transfer interactions between the conjugated nanoparticles and the GO. Addition of the enzyme leads to selective degradation of polyarginine that serves as a linker between the nanoparticles and GO, resulting in the release of the nanoparticles. Therefore, the quenched fluorescence is recovered based on the concentration of trypsin (detection limit 0.827 g/ml, concentration range 0-25 g/ml). Since polyarginine is only degraded by trypsin, selectivity over other proteins can be achieved.
A technique that is similar in principal has been used for DNA detection using GO and a cationic conjugated polymer (poly [(9,9-bis(6-N,N,N-trimethylammonium)hexyl)-fluorenylene-phenylene dibromide], PFP) [52] . As in the case above, the key is the quenching of the fluorescent intensity of a fluorescein-labeled single stranded DNA (P) after the addition of GO. The fluorescence change of the P-GO-PFP nanocomposite appears to depend on the order of PFP and P addition. When PFP is added to P-GO the fluorescence resonance energy transfer (FRET) is insufficient, implying that the addition of PFP cannot release the P from the GO. On the other hand, when P is added to PFP-GO, efficient FRET is obtained attributed to the equal binding ability for P and PFP to GO [53] . Based on this phenomenon, a low background and amplified fluorescent detection of DNA (as low as 40 pM of target DNA) could be easily achieved by measuring the change in fluorescence signal. The enhanced sensitivity (more than an order of magnitude lower than DNA detection using PFP) was attributed to the light harvesting properties of the PFP and the minimized background signal introduced by the addition of GO.
Humidity, Metal Ion and Nitrophenol Sensors
Detection of very low humidity levels is becoming increasing important, as even a small amount of water can have a large influence on a number of applications or procedures such as drying of medicine and gases, production of lithium-ion batteries, supercapacitors and many others. Despite the numerous efforts that include polyelectrolyte-based [54] or carbon nanotube/polyelectrolyte nanocomposites [55] , satisfactory detection levels have not been reached yet. Li et al. [56] constructed an impedance-type humidity sensor via solution mixing of GO with PDDA or PSS polyelectrolytes and subsequent in situ reduction. In the absence of water molecules the two polyelectrolytes showed poor conductivity due to the limited ion conduction of the polyelectrolytes and could not be used to detect humidity lower than 10% relative humidity (HR) [57, 58] . The introduction of a highly conductive graphene surface enhanced the conductivity of the composite under dry atmosphere, thus allowing low humidity detection. The nanocomposites with higher graphene content exhibited lower impedance at low humidity levels (as low as 0.2% HR) and showed good response magnitude and relatively fast response times. The potential of polyelectrolytegraphene nanocomposites for humidity sensing was revealed a few years earlier by the work of Zhang et al. [59] In this study the electrical conductivity of the rGO/poly(N-vinyl pyrrolidone) (PVP) was measured at different levels of relative humidity using a conductive atomic force microscopy system and displayed a sensitivity to relative humidity variation with a response time of a few seconds.
Nitrophenols and their derivatives are major pollutants in industrial waste due to their extensive use as raw materials in chemical processing and their mutagenic, cyto and phyto-toxic effects. Out of the many nitrophenols 4-Nitrophenol is probably the most ubiquitous, which is why it is included in the US list of priority pollutants with a maximum permissible limit of less than 20 ppb. Peng et al. developed an electrochemical sensor based on PDDA-functionalized graphene for the detection of 4-Nitrophenol [60] . By optimizing experimental parameters such as the pH of the buffer solution, scan rate, accumulation time and potential, the PDDA/graphene/glassy carbon electrode sensor showed remarkable sensitivity and selectivity for 4-Nitrophenol detection (concentration range of 0.06-110 M with a detection limit of 0.02 M S/N = 3). Furthermore, the sensor showed adequate stability with sufficient reproducibility, accuracy and efficient 4-NP detection in aqueous samples.
In a very recent study, Liu et al. described how NH 2 -rich graphene-polyelectrolyte nanocomposites can be used for the detection of trace Cu(II) [15] . The nanocomposite was prepared by alternating exfoliated GO species and polyallylamine hydrochloride (PAH) on a glassy carbon surface (see Fig. 6 ), via a combination of electrostatic and hydrophobic interactions. This noncovalent functionalization method provides average coverage of the surface and appropriate distance of the available -NH 2 . This is desirable for capture and release of the metal ions in solution. Additionally, the layered nanoscructure promotes electron transfer along the multilayer functional nanocomposite of [PAH-GS] 12 . The performance of a (PAH-GO) 12 /glassy carbon electrode towards Cu(II) detection in aqueous solution was evaluated with the use of differential pulse anodic stripping voltammetry with good results, as indicated by the linear dynamic range (0.5 to 50 mM for Cu(II)), low detection limit (0.35 mM) and long term stability.
CONCLUSIONS AND OUTLOOK
In this mini-review we summarize the recent developments in the use of polyelectrolyte-graphene nanocomposites as biological and chemical sensors. Out of the many available sensor designs, polyelectrolyte-graphene based sensors have specific comparative advantages. These are attributed primarily to the unique structural characteristics of graphene (e.g. high surface area, excellent conductivity and small band gap) and the charged nature of polyelectrolytes. The former increase surface loading of target molecules and favor electron transfer while the latter increase dispersibility of graphene without interrupting its structure and allow anchoring of species that increase/assist sensing capabilities. When taking into account the variety of graphene types (e,g. graphene, GO, rGO) and the large pool of polyelectrolytes available, the diversity of sensors reported to date does not come as a surprise. However, specific polyelectrolytes or graphene types such as chitosan, PDDA, and rGO are encountered more often, due to their special characteristics that include biocompatibility and more efficient charge transport.
With a constantly increasing variety of high efficiency sensors it becomes important to examine the challenges and limitations of these devices. One major concern is with the lack of methods that would allow facile preparation of graphene and its derivatives with controlled characteristics (e.g. size) on a much bigger scale. Since the sensor performance is directly related to the surface area of the graphene, one can easily see how controlling the size is of great importance. Furthermore, variations in graphene size combined with the nature of the surface coating have been known to play a critical role in regulating the biological behavior and toxicity of graphene. Finally, a comprehensive understanding of the interactions between graphene, polyelectrolytes and target molecules, but also of the detection mechanisms still remains relevant. Although in most of the examples described here such understanding is sufficient to allow high performance sensing, as sensing systems become more and more complicated increasing the level of understanding is critical and will be absolutely necessary in order to sense multiple molecules simultaneously or detect single molecules. The above challenges could be the reason why the number of patents on polyelectrolyte-graphene sensors still remains low (less than 10 per year), compared to the increasing number of publications as shown in Figure 2 .
Because of the wide spectrum of polyelectrolyte-graphene nanocomposites, sensing areas are constantly expanding from the sensing of traditional biomolecules such as glucose or dopamine to new materials such as heavy metals or nitrophenols. These nanocomposite sensors exhibit excellent performance with regards to sensitivity, selectivity, response time and detection range, outperforming in many cases the state-of-the-art techniques. In numerous occasions this high performance is achieved through the incorporation of nanoparticles (e.g. Au, Fe 3 O 4 ) and proteins (e.g. hemoglobin for H 2 O 2 detection) in the nanocomposite layers or by graphene surface doping (e.g. N doping), showing that the potential of nanocomposites does not end with the choice of polyelectrolyte or graphene type. Despite the high performance that has already been achieved, unquestionably the full potential of polyelectrolyte-graphene or enriched polyelectrolyte-graphene nanocomposites has not yet been reached. The breadth of applications would certainly benefit from synergistic efforts of scientists with different backgrounds including chemistry, materials science, and biology. Such efforts could lead to the design of new polyelectrolytes for graphene functionalization or enhanced understanding of the sensing mechanisms and ultimately to the development of an even wider spectrum of excellent sensors.
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